Introduction {#S0001}
============

Ototoxicity is a side effect of cisplatin treatment characterized by bilateral, gradual, and severe hearing loss, with a prevalence of 40--80% in adult cancer patients and \>50% in pediatric cancer patients.[@CIT0001] This ototoxicity can lead to a multifaceted decrease in the quality of life and notably impact the social and academic development of pediatric patients.[@CIT0002]--[@CIT0004] Numerous protective compounds have been identified in preclinical studies and several are undergoing clinical trials.[@CIT0005],[@CIT0006] However, no Food and Drug Administration (FDA)-approved drugs or treatment strategies are currently available for treating cisplatin-induced ototoxicity.

Dexamethasone (DEX), a synthetic steroid analog, is widely used for the treatment of various inner ear diseases including sudden idiopathic sensory neural hearing loss, Meniere's disease, and Bell's palsy. Recently, DEX was reported as a candidate for otoprotection based on its ability to upregulate the antioxidant enzyme activity and activate the cell survival pathways.[@CIT0007]--[@CIT0010] Although the exact molecular mechanism remains unclear, DEX binds to the glucocorticoid receptor and activates the signal transduction pathway that mediates inflammation and induces apoptosis by modulating nuclear factor kappa B (NF-kB) and inhibiting reactive oxygen species (ROS) production in the inner ear. Systemic administration of DEX exhibited otoprotective effects against cisplatin-induced hearing loss.[@CIT0008],[@CIT0009] However, glucocorticoids down-regulate apoptosis genes, which might induce cancer cell resistance during co-administration of DEX with cisplatin.[@CIT0011] The development of an inner ear drug administration technique has provided an alternative drug administration route, which is intratympanic administration.[@CIT0009],[@CIT0010] Cisplatin is usually administrated in several cycles with a few days recovery period.[@CIT0012] DEX should be administrated several times at a high concentration each time in order to achieve the desired efficacy against cisplatin-induced hearing loss. Our previous study indicated that DEX could be rapidly cleared from the middle ear down the Eustachian tube, with drug levels in the perilymph lasting approximately 6 h in guinea pigs.[@CIT0013] Repeated intratympanic administration of DEX can increase the incidence of tympanic membrane perforations, and can cause undesired infection during the experimental procedure.[@CIT0010] Moreover, reduced drug administration frequencies and higher drug concentration levels were maintained in the perilymph in order to achieve optimal clinical efficacy.

Silk fibroin (SF) hydrogel is a natural protein derived from the domestic silkworm *Bombyx mori* (*B. mori*). This protein has been extensively studied for local, controlled and sustained drug release due to its versatility, biocompatibility, and biodegradation.[@CIT0014] One of the most important physical properties of SF is the spontaneous transformation from solution to gel by environmental stimuli.[@CIT0015] Previously, we evaluated the efficacy and safety of an injectable Silk-polyethylene glycol (PEG) hydrogel as a vehicle for inner ear delivery by round window membrane (RWM) administration.[@CIT0013] This hydrogel can easily attach to RWM without requiring biological adhesion. The high affinity between the SILK-PEG hydrogel and RWM enables the drug-loaded hydrogel to attach to the surface of the RWM so that the drug can penetrate from the outermost layers of the stratum corneum into the inner ear.[@CIT0013]

In the present study, we investigated whether DEX-loaded silk-PEG hydrogel (DEX-SILK) exhibited a potential as a protective and/or therapeutic agent for cisplatin-induced hearing loss in mice. The results indicated that DEX-SILK could improve the drug concentration and maintain an efficient level in the inner ear over time in order to prevent cisplatin-induced hearing loss. In order to prolong the retention of DEX-SILK on RWM, the preparation of DEX-SILK was optimized to improve the drug loading and sustained release. Histological and physiological analyses were performed using cisplatin-treated HEI-OC1 cells, mouse cochlea organ of Corti explants, and ototoxicity mouse model in order to assess the effects of DEX-SILK in vitro and in vivo.

Methods {#S0002}
=======

Materials, cell culture, and animals {#S0002-S2001}
------------------------------------

Silk fibers isolated from the cocoons of *B. mori* silkworm were purchased from Xihe Silk Textile Co., Ltd. (Shengzhou, China). Lipid-soluble dexamethasone powder was purchased from Damas-beta (Shanghai, China). Water-soluble dexamethasone powder was purchased from Sigma (St. Louis, MO, USA).PEG was purchased from Sigma-Aldrich (Shanghai, China). Ketamine hydrochloride was purchased from Fujian Gutian Pharmaceutical Co., Ltd (Fuzhou,China), Xylazine was purchased from Sangon biotech (Shanghai, China). Cisplatin was purchased from Aladdin (Shanghai, China). Cell Counting Assay Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies (Japan). Anti-Myosin7a antibody was purchased from Proteus Bioscience (San Diego, CA, USA).

The House Ear Institute-Organ of Corti 1 (HEI-OC1) cell line (generated at House Ear Institute, Los Angeles, CA, USA) is a widely used progenitor hair cell line derived from the auditory organ of the transgenic mouse ImmortomouseTM.[@CIT0016] This cell line was developed as an in vitro system to investigate the cellular mechanisms involved in cisplatin-induced ototoxicity. The HEI-OC1 cells were cultured in high-glucose DMEM (Gibco BRL, USA) containing 10% FBS (Gibco,Waltham, MA, USA) without antibiotics under permissive conditions (33 **°**C, 10% CO~2~), as previously described.[@CIT0016]

Male guinea pigs (3--4 week old, weighing 200--250 g) and C57BL/6J mice (about 8-week old) were purchased from the Shanghai Laboratory Center (Shanghai, China). The animal experiments were reviewed and approved by the Ethics Committee of the Shanghai Jiaotong University, School of Medicine. All animal experiments complied with the 3R principles (Reduction, Replacement, and Refinement).

Optimized preparation of silk-PEG hydrogel {#S0002-S2002}
------------------------------------------

### Dex-loaded SILK-PEG hydrogel (DEX-SILK) preparation {#S0002-S2002-S3001}

PEG solution was prepared with a defined weight percentage (w/w) by mixing liquid PEG, MW 8000 g/mol (PEG-8000) with deionized water. After mixing and filtration through a 0.22 μm filter, the PEG solutions were stored at room temperature. PEG was mixed with silk in a glass vial at a weight ratio of 8:3 (PEG:SF) in order to form PEG--silk hydrogels. The vial was gently mixed and the solution was loaded in a penicillin bottle for lyophilization. The solution was freeze-dried using a lyophilizer (CHRIST Alpha 2--4 LSCplus, Martin Christ Gefriertrocknungsanlagen GmbH, Germany). Briefly, the samples were first cooled from ambient temperature and held at 5°C for 1 hr, then cooled to −45°C at 0.05 °C/min, and held for 720 min. The primary drying occurred at −20°C for 2400 min and the secondary drying at 25°C for 600 min. A lyophilized powder of PEG:SF mixture was generated. Subsequently, DEX-loaded SILK-PEG hydrogel (DEX-SILK) was prepared by dissolving the lyophilized powder of PEG:SF mixture with deionized water to extract the gel.

### Scanning electron microscopy (SEM) {#S0002-S2002-S3002}

The hydrogel morphology was determined by (SEM (Hitachi S-4800, Tokyo, Japan). Different concentrations of PEG-Silk loaded with 8% DEX were prepared in a 24-well plate. The hydrogel was rinsed three times with water to remove PEG,[@CIT0017] then frozen at −80 **°**C overnight, and eventually lyophilized for 48 hrs. The samples were sprayed with gold before imaging and observed at a voltage of 3.0 kV.

### Optical density measurement (OD) {#S0002-S2002-S3003}

Gelation kinetics was assessed by OD measurements. After preparing the drug-loaded hydrogel, the samples were added into a 24-well plate, with 200 μL of liquid per well. The OD changes of the samples were measured by UV-visible spectrophotometry (Synergy 2, Biotek) set at 37**°**C under the kinetic mode and monitored over 1,440 min at 5-min intervals. The gelation time was defined as the time span from mixing to the point when OD values plateaued. Four samples were tested in order to obtain average OD values and standard deviations.

### Viscosity {#S0002-S2002-S3004}

The effect of temperature on the viscosity of different concentrations of 8% DEX PEG-silk was determined byRheolabQC. The shear rate was 50 rpm and the temperature was 25--40**°**C. The sample solution (4 mL) was placed in a tube, heated at a speed of 1 **°**C/min, and the viscosity was recorded.

### Total reflection Fourier transform IR spectroscopy (ATR-FTIR) {#S0002-S2002-S3005}

The secondary structure of the hydrogel was determined by FTIR spectroscopy with a MIRacleTM attenuated total reflection (ATR) Ge crystal cell in reflection mode. All spectra were obtained between 4,000 and 400 cm^−1^ at a 2 cm^−1^ resolution with 32 scans (Nicolet 5,700, Thermo Electron Corp, Waltham, MA, USA).

In vitro release {#S0002-S2003}
----------------

To evaluate the releasing property of the DEX-SILK hydrogel in vitro, 15% Silk-PEG hydrogels loaded with 8% DEX were prepared as described above. Prior to the hydrogel transfer, 10 μL of the mixture was added to a 1.5 ml Eppendorf tube with a pipette.

A total of 1 mL of PBS (pH 7.4) was subsequently added to the tubes. The tubes were incubated for 7 days at 37**°**C. The release medium (900 μL) was transferred into a sterile empty tube and stored at −20**°**C for high-pressure liquid chromatography combined with mass spectrometry (LC/MS/MS) analysis. The LC/MS/MS analysis was conducted at the following time points: 1, 3, 6, 12, 24, 48, 72, 96, 120, 144, and 168 hrs. The same volume of artificial perilymph buffer was added into each tube as a supplement. The concentrations of DEX were determined by LC/MS/MS, as previously described.[@CIT0013]

In vivo release {#S0002-S2004}
---------------

Water-soluble DEX and lipid-soluble DEX loaded SILK-PEG hydrogel were both prepared as described above.

Guinea pigs were anesthetized with 60 mg/kg ketamine hydrochloride and 10 mg/kg xylazine. During the surgery, the animals were placed on a thermostatic plate (37.5**°**C) to maintain body temperature. The skin behind the left ear was shaved and disinfected with alcohol. Auditory bulla was fully exposed by the retroauricular approach. A hole of 3 mm diameter was drilled in order to ensure a round window niche that was visualized by a surgical microscope. A total of 10 μL of the mixture was injected onto the RWM directly by a pipette. Following injection, the defect of bulla was sealed by dental cement and sternocleidomastoid muscle was replaced to the normal anatomical position. The incision was closed with suture. The animals remained anesthetized in the right lateral decubitus for 30 min in order to prevent leakage. The animals were returned to the cage after regaining consciousness.

The perilymph (3--5 samples) was collected ex vivo at different time points of 1, 3, 6, and 12 hrs in the water-soluble DEX group, and 1, 3, 6, 12, 24, 48, 96, 144, 192, 240, 336, and 504 hrs in the lipid-soluble DEX group. The cochleae were harvested from the animals after an anesthesia overdose. The perilymph (5--7 μL) was subsequently collected by inserting a sharp glass pipette (World Precision Instruments, Sarasota, FL, USA) into the *scala tympani* from the RWM. All samples were stored at −80**°**C for subsequent LC/MS/MS analysis.

Cell experiments {#S0002-S2005}
----------------

### Cell viability assay {#S0002-S2005-S3001}

The HEI-OC1 cell line was kindly provided by Yiqing Zheng(Sun Yat-sen University, Guangzhou, China). Use of HEI-OC1 cell line was approved by the Ethics Committee of Shanghai Jiaotong University, School of Medicine.

The cell counting kit (CCK-8) was used to evaluate the cytoprotective effect of DEX-SILK against cisplatin ototoxicity. The in vitro protective effects of DEX-SILK against HEI-OC1 cisplatin-induced cytotoxicity were examined after 4 hrs of pretreatment with DEX or DEX-SILK, followed by 24 hrs of co-incubation with 60 μM cisplatin. Briefly, HEI-OC1 cells (5,000 cells/well) were seeded on 96-well plates and incubated overnight for attachment. Following pretreatment of the cells with DEX or DEX-SILK for 4 hrs, the optimum cisplatin concentration was selected and co-incubated with DEX or DEX-SILK for 24 hrs to induce cytotoxicity. Subsequently, 10 μL of CCK-8 was added for 2 hrs. The OD at 450 nm was measured using a microplate reader (Model 550, Bio Rad). The control wells had cells without drug treatment, whereas the wells that did not contain cells were used as the blank. The cell viability was calculated by the following equation: Cell viability (%) = \[(OD~sample~-OD~blank~)/(OD~control~-OD~blank~)\]×100%.

### Estimation of intracellular ROS levels {#S0002-S2005-S3002}

The intracellular ROS levels were determined using 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Abcam, MA, USA), a fluorogenic dye that measures intracellular hydroxyl and peroxyl, activities. Briefly, HEI-OC1 cells (5×10^5^ cells/well) were seeded in 24-well plates for 24 h to achieve a minimum of 80% confluency. Subsequently, the medium was replaced by DEX and DEX-SILK at an equivalent DEX concentration of 1, 5, 10, 30, and 60 ng/mL. After 4 hrs of incubation, 60 μM cisplatin was added into the medium containing DEX or DEX-SILK and incubated for an additional 24 hrs. Finally, the cells were incubated with 20 mM of DCFH-DA in serum-free medium for 30 min. The residual reagent was removed by washing with PBS (pH 7.4) three times. After fixing the cells with 4% paraformaldehyde for 20 min at room temperature, the ROS levels were detected by confocal microscopy (Zeiss, Germany) at excitation and emission wavelengths of 480 and 525 nm, respectively.

Animal experiments {#S0002-S2006}
------------------

### Organ of corti explants {#S0002-S2006-S3001}

All mice pups (P0-2) were decapitated and cochlea was dissected from the skull. The specimens were washed in cold PBS (Gibco). The organs of Corti were separated from the spiral ligament and attached to coverslips that were previously coated with Matrigel (1:10, Invitrogen, CA, USA). The organ explants were maintained in culture medium (DMEM/F12, Gibco by Invitrogen, CA, USA) supplemented with 2% B-27™ supplement (Gibco) and 1% N-2 supplement (Gibco) at 37**°**C and 5% CO~2~, followed by recovery for 24 hrs. The organs of Corti explants were then used as controls or were treated with cisplatin, DEX+cisplatin or DEX-SILK+cisplati,n, respectively. The preservation of the hair cells was observed by myosin 7a staining.

### Establishment of a hearing loss mouse model {#S0002-S2006-S3002}

C57/BL6 mice were treated with a single dose of cisplatin (12 mg/kg) or multiple doses (4 mg/kg/day, 3 days) in order to induce hearing loss. Specifically, 15 C57/BL6 mice were randomly assigned to the control, 12 mg/kg single dose, and 4 mg/kg multi-dose groups (n=5 per group). Auditory brainstem response testing (ABR) thresholds were measured at frequencies of 4, 8, 16, and 22 kHz on day 0 and day 5 after cisplatin treatment as previously described.[@CIT0013] The optimal ototoxic dose of cisplatin exhibited desired ototoxicity and low mortality rates. ABR tests were conducted using the ABR workstation from Tucker--Davis Technologies Inc (Alachua, FL, USA).

### DEX-SILK protects hearing ability from cisplatin-induced ototoxicity {#S0002-S2006-S3003}

Based on the optimized cisplatin-induced ototoxic mouse model, we evaluated the otoprotective effects of DEX-SILK against cisplatin-mediated toxicity. Briefly, 32 mice were divided into four groups: (1) cisplatin (n=8); (2) DEX (n=8); (3) drug-free SILK (n=8); (4) DEX-SILK (n=8). In all these groups, the mice were intraperitoneally injected with 12 mg/kg of cisplatin. Water-soluble DEX powder was dissolved in deionized water to obtain 8% DEX solution, which was absorbed by gelfoam to prepare the DEX-gelfoam. DEX-Silk hydrogel was prepared as described above. The DEX and DEX-SILK groups were administered by RWM 2 hrs prior to the cisplatin injection. The surgical procedure was the same as the previous experiment in guinea pigs, with differences of anesthetizing with intraperitoneal ketamine (100 mg/kg) and xylazine (10 mg/kg), and a smaller hole of 2 mm diameter. A total of 1 μL of DEX-SILK mixture and DEX-gelfoam were injected or placed onto the RWM.The ABR threshold was measured prior to DEX or DEX-SILK RWM administration and 5 days after cisplatin injection in order to evaluate the changes in hearing ability, as previously described (2.6.2).

Results {#S0003}
=======

Optimized preparation of silk-PEG hydrogel {#S0003-S2001}
------------------------------------------

In the present study, the preparation of the Silk-PEG hydrogel was simplified from two steps into one step. In order to obtain a lyophilized mixture of Silk fibroin and PEG (3:8, m/m), PEG-8000 was selected, instead of PEG-400. The Silk-PEG hydrogel was prepared by adding deionized water to the lyophilized mixture ([Figure 1A](#F0001){ref-type="fig"}). After incubation at 37**°**C for a certain period of time, the colloidal particles were formed. Different formulations were used to prepare hydrogels from silk fibroin solution by a solution--gelation transition in the presence of various silk fibroin and drug concentrations. The gelation time periods required for different formulations are listed in [Table 1](#T0001){ref-type="table"}. The gelation time was prolonged with the increase of drug concentration following incubation of SILK-PEG at 37**°**C. In addition, the gelation time was reduced with the increase of silk concentration at the same drug concentration. The results indicated that the increase in gelation time of DEX-SILK was majorly influenced by the concentration of Silk, while the effect of DEX was not apparent. However, the gelation time was significantly reduced in 20% Silk-PEG containing 8% DEX.Table 1Gelation time after mix dexamethasone under 37°CSilk concentrationGelation time after mix dexamethasone (min)Gelation temperature(w/v)1% (w/v)(°C)4% (w/v)8% (w/v)(°C)5%533±15.137497±5.7478±15.53710%406±7.837372±8.9350±9.73715%239±11.237219±5.3215±5.43720%161±5.837150±2.1107±2.237 Figure 1Characterization of the DEX-loaded Silk-PEG hydrogel (DEX-SILK). (**A**) Preparation procedure of DEX-SILK. (**B**) Morphologies of Silk-PEG hydrogel encapsulated 8% DEX determined by SEM. 5%-20% represent different concentrations of Silk-PEG hydrogel with 8% DEX respectively. Bar: 10 μm. (**C**) Fourier Transform infrared imaging of different concentrations of the silk-PEG hydrogel and with 8% DEX. (**D**) Temperature effects on rheological properties of 5%-20% PEG-Silk with 8% DEX.

The formulation that included the highest drug concentration (8%) was used to evaluate the morphology alteration by SEM following treatment with different SILK-PEG concentrations. Five percent Silk-PEG exhibited poor mechanical properties such as softness and fragility, and neither pores nor silk nanospheres were observed ([Figure 1B](#F0001){ref-type="fig"}). As the concentration of the silk increased, the mechanical properties of the hydrogel were effectively improved. Ten percent Silk-PEG hydrogel exhibited homogeneous pores with silk nanospheres, and drug molecules could be embedded in it. However, only a small number of nanospheres was observed.15% and 20% DEX-SILK hydrogels exhibited more dense pores and nanospheres.With the increase of concentration from 10% to 20%, the size of silk nanospheres formed varied from 1 to 100 µm. The pores were elongated in shape and surrounded by laminar silk layers, which were consistent with a previous report.[@CIT0017] The presence of silk nanospheres could improve the mechanical properties of the hydrogel and sustained release of drugs. These results indicated that increased concentration of silk had a positive effect on the sustained release of the drug.

The characteristic absorption peaks of the silk structure exhibited approximate wavelengths of 1,652 cm^−1^(amide), 1,543 cm^−1^ (amide), 1,242 cm^−1^ (amide), and 669 cm^−1^ (amide), respectively ([Figure 1C](#F0001){ref-type="fig"}). The silk structure exhibited wave numbers of approximately 1,626 cm^−1^ (amide), 1,532 cm^−1^(amide), 1,236 cm^−1^ (amide), and 696 cm^−1^ (amide). With the increase in concentrations of silk, the absorption peak at 1,626 cm^−1^ was gradually increased, which indicated the formation of additional β-sheet structures.

Temperature effects on rheological properties of 5%--20% Silk-PEG with 8% DEX were shown in [Figure 1D](#F0001){ref-type="fig"}. With the increase of temperature from 20.6°C to 38.7**°**C, the viscosity of 20% Silk-PEG with 8% DEX significantly increased from 0.110 to 1.380 Pa.s, while such changes were not observed in the other groups.

In vitro release {#S0003-S2002}
----------------

The only difference between these two DEX is the presence of (2-hydroxypropyl)-β-cyclodextrin in water-soluble DEX. (2-Hydroxypropyl)-β-cyclodextrin is commonly used to get lipophilic drugs into aqueous solutions, while its influence on the sustained release of DEX from DEX-SILK is unknown. Hence, it is necessary to determine the release profile of two different DEX-loaded Silk-PEG hydrogels.The in vitro release of DEX from the hydrogel and the cumulative release percentage (artificial perilymph, pH=7.4) noted at different time points are shown in [Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}. The sample encapsulating water-soluble DEX indicated a burst release at 1 hr with the highest concentration of 24.395±4.473 µg/mL. DEX concentration levels rapidly dropped below the limit of detection in the first 24 hrs. However, the lipid-soluble DEX exhibited a burst release within 1 hr with higher concentration levels of 75.251±5.373 µg/mL, followed by a sustained release over 144 hrs, and finally dropped to 1.272±0.717 µg/mL at 168 hrs. The cumulative release graph indicated complete DEX release from the lipid-soluble DEX-SILK in 168 hrs. The Silk-PEG hydrogel loaded with lipid-soluble DEX showed considerably longer release time and higher concentration levels. These data indicated that hydrogel encapsulated lipid-soluble DEX exhibited a stronger sustained-release capability. In addition, the failure to achieve 100% DEX release in both formulations may be due to incomplete degradation of the hydrogel and presence of PEG that inhibited burst release.Figure 2Drug release profile in vitro (artificial perilymph) (**A** and **B**) and in vivo (perilymph) (**C** and **D**). Cumulative release profiles of water-soluble DEX-SILK hydrogel and liposoluble DEX-SILK hydrogels in artificial perilymph (pH 7.4) solution. (**A**) DEX concentration changes with incubation time. (**B**) Cumulative release percentage changes with incubation time. Values are presented as mean±SEM. DEX concentrations in perilymph after RWM administration of DEX, water-soluble DEX-SILK hydrogel and liposoluble DEX-SILK hydrogels. (**C**) Release in a timecourse of 21 d. (**D**) Release in a time course of 24 h. Data are represented as mean±SEM.

In vivo release {#S0003-S2003}
---------------

DEX concentration in the perilymph was tested at different time points following hydrogel injection on the RWM niche ([Figure 2C](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}). Following a burst release at 1 hr, the concentration of the water-soluble DEX sample rapidly decreased from 121.388±20.479 μg/mL to the baseline during 24 hrs of incubation. A burst release at 1 hr，followed by a slow release in the following 14 days were noted for the Silk-PEG formulation in the presence of lipid-soluble DEX. The concentration range was 11--111 μg/mL. Hydrogel encapsulated lipid-soluble DEX released DEX slowly and steadily, which could be detected at 14 days. According to a previous report,[@CIT0017] silk nanospheres were not detected in silk-hydrogel obtained by mixing silk and PEG-400, which indicated that PEG-400 cannot induce the formation of nanospheres. Meanwhile, homogeneous and spherical nanospheres were reported to be formed when the molecular weight of PEG ranged from 4000 to 10,000. Such nanospheres were also observed by SEM in the present study with PEG-8000. DEX molecules could be embedded in nanospheres, which can change the sustained release property of the Silk-PEG hydrogel. These results indicated that replacement of PEG-400 by PEG-8000 could change the sustained release activity of the Silk-PEG hydrogel. Longer release time was observed in the present study.

Cellular experiments {#S0003-S2004}
--------------------

### DEX-SILK protects against cisplatin-induced HEI-OC1 injury {#S0003-S2004-S3001}

The viability of HEI-OC1 cells treated with DEX was examined in vitro after 24 hrs of incubation. The results indicated that DEX formulations were non-cytotoxic at the experimental concentrations used (0, 5, 10, 30, 60 ng/mL) ([Figure 3A](#F0003){ref-type="fig"}). In addition, we evaluated the toxicity of drug-free SILK hydrogel on HEI-OC1 cells. The hydrogel concentration was adjusted to be the same in all drug-free SILK hydrogel formulations. HEI-OC1 cells were treated with different DEX concentrations of drug-free SILK hydrogel, namely, 0, 5, 10, 30, and 60 ng/mL for 24 hrs, and the cell viability was estimated to be 100.39±9.50%, 100.44±9.80%, 90.49±8.96%, and 87.59±7.53%, respectively ([Figure 3B](#F0003){ref-type="fig"}). The control cell viability was 100%, while 60 ng/mL of drug-free SILK hydrogel exhibited significantly decreased cell viability as compared to the control cells (*p*\<0.05). The other concentrations did not cause significant toxicity, indicating that the silk fibroin was biocompatible and the SILK-PEG hydrogel was non-toxic to HEI-OC1 cells at a concentration below 60 ng/mL. Therefore, 5, 10, and 30 ng/mL of DEX-SILK were used for cytoprotective experiments.Figure 3Protective effect of DEX, DEX-SILK on cisplatin-induced cytotoxic in HEI-OC1 cells. (**A**) Effect of DEX on HEI-OC1 cells viability at experimental concentrations. (**B**) Effect of drug-free SILK hydrogel on HEI-OC1 cell viability at experimental concentrations. \**p*\<0.05 as compared to the control. (**C**). Cisplatin decreased cell viability in dose- and time- dependent manner. The values areexpressed as mean±SEM, n=5−10. \*\*\**p*\<0.001 as compared to the control. (**D**). Theeffect of DEX-SILK hydrogel on cisplatin-induced cytotoxic in HEI-OC1 cells. Thevalues are expressed as mean±SEM, n=5−10. \*\*\**p*\<0.001 as compared withcisplatin. ^\#\#^*p*\<0.01, ^\#\#\#^*p*\<0.001 as compared with DEX.

The cells were treated with 0, 5, 10, 30, 60, and120 μM cisplatin for 24 hrs and 48 hrs in order to select the optimal concentration required for inducing HEI-OC1 cytotoxicity. Cisplatin exhibited cytotoxicity in a dose- and time-dependent manner ([Figure 3C](#F0003){ref-type="fig"}). When HEI-OC1 cells were incubated with cisplatin for 24 hrs, the cell viability was estimated to 103.10±8.34%, 83.25±7.17%, 23.19±3.18%, 5.98±1.27%, and 2.80±0.69%, respectively. The viability of the control cells was set at 100%. After incubation of the cells with cisplatin for 48 hrs, cell viability was estimated to be 102.50±4.6%, 99.27±3.74%, 68.90±7.0%, 34.03±2.53%, and 27.89±1.57%, respectively, as compared to the control cells (100%). Sixty μM of cisplatin treatment for 24 hr was selected as the optimal concentration since cell viability was decreased to approximately 50% as compared to the control.

In order to examine the cytoprotective effects of DEX-SILK in cisplatin-induced cytotoxicity, we divided the experimental samples into the following groups: Control, cisplatin, DEX + cisplatin, and DEX-SILK + cisplatin. The DEX+cisplatin and DEX-SILK+cisplatin groups comprised three different subgroups that corresponded to 5, 10, and 30 ng/mL of DEX. As shown in [Figure 3D](#F0003){ref-type="fig"}, the cell viability in the cisplatin group was 30.79±5.64%, whereas the DEX (5, 10, 30 ng/mL) + cisplatin subgroups did not show protective effects against cisplatin (*p*\>0.05 as compared to cisplatin). Conversely, the cell viabilities of DEX-SILK (5, 10, 30 ng/mL) + cisplatin subgroups were estimated to be 39.34±4.38%, 42.74±4.40%, and 42.29±4.03%,respectively, as compared to the control cells. These results indicated that DEX-SILK could partially protect HEI-OC1 cells from cisplatin-induced cell injury (\*\*\**p*\<0.001). Furthermore, the cell viabilities of the DEX-SILK (5, 10, 30 ng/mL) + cisplatin subgroups were significantly increased as compared to those of the DEX (5, 10, 30 ng/mL) + cisplatin subgroups (\#\# *p*\<0.01).

Taken together, these results showed that Silk hydrogels exhibited enhanced cytoprotective effects by long-term sustained release of DEX in the HEI-OC1 cells that were pretreated with cisplatin.

### DEX-SILK inhibits cisplatin-induced ROS production {#S0003-S2004-S3002}

ROS production is a secondary effect caused during cisplatin-induced hair cell damage.[@CIT0018] The DCFH-DA agent was used for the measurement of hydroxyl, peroxyl, and other types of intracellular ROS activity, notably the cisplatin-treated HEI-OC1 cells that were treated with DEX-SILK. The confocal images and the representative histograms of ROS fluorescence are shown in [Figure 4A](#F0004){ref-type="fig"}. The results indicated that ROS levels were increased approximately 2.5-fold following cisplatin treatment as compared to the control cells, and the levels of ROS were partially reduced by DEX-SILK pretreatment (5, 10, 30 ng/mL) as compared to the cisplatin group. In addition, the ROS levels did not exhibit a significant change in the DEX pretreatment group ([Figure 4B](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}). These results demonstrated that DEX-SILK could attenuate the ROS levels in HEI-OC1 cells following cisplatin treatment.Cisplatin increased ROS generation in a dose-dependent manner, and cisplatin toxicity was closely associated with the increased production of ROS and intracellular oxidative stress, which could activate the apoptotic pathway causing the death of cochlear cells. DEX alone was rapidly eliminated from the cells, while the sustained release of DEX from DEX-SIlK hydrogel could down-regulate the production of ROS.Figure 4ROS production were determined by Confocal Laser Scanning Microscope. (**A**) Images of HEI-OC1 treated with cisplatin alone, pretreated with DEX and DEX-SILK for 4 h, followed by cisplatin. Representative histograms of ROS fluorescence. cisplatin significantly increased intracellular ROS levels. Bar: 50 μm. Pretreatment with DEX (**B**) and DEX-SILK (**C**) for 4 h, followed by cisplatin remarkably decreased the production of intracellular ROS. Data are presented as mean±SEM, n=12.

DEX-SILK hydrogels protect from cisplatin-induced hearing loss in cochlear organotypic cultures {#S0003-S2005}
-----------------------------------------------------------------------------------------------

Hair cell damage was observed in whole organ inner ear explants under simulated culture conditions following exposure to cisplatin for 24 hrs. Hair cell morphology and structure were evaluated by immunohistochemical labeling with the hair cell marker myosin 7a. As shown in [Figure 5A](#F0005){ref-type="fig"}, the three rows of the outer hair cells (OHCs) and the single row of the inner hair cells (IHCs) were arranged in orderly rows. The spiral region from the base to the apex of the cochlea was treated with saline. The number of IHCs did not decrease when the cochlea were cultured with 60 µM of cisplatin for 24 hrs. However, the number of OHCs was significantly reduced in all other regions.Figure 5(**A**) Images of whole mounts of cochlear culture whole organ inner ear explants under simulated microgravity culture conditions after exposure to cisplatin for 24 h. Preservation of hair cells are shown by Myosin 7a staining. Whole organ were treated with different Saline, cisplatin, DEX+cisplatin, and DEX-SILK+cisplatin. Bar: 200 μm; 20 μm. (**B**) Survival inner hair cell numbers in 1 mm length at different distance from apex ofeach group. (**C**) Survival outer hair cell numbers in 1 mm length at different locationfromapical endof each group. \**p*\<0.05, \*\**p*\<0.01, \*\*\**p*\<0.001 as compared with control. ^\#^*p*\<0.05, ^\#\#^*p*\<0.01, ^\#\#\#^*p*\<0.001 as compared with cisplatin. *p*\<0.05 as compared with DEX+cisplatin. Data are presented as mean±SEM, n=3.

[Figure 5B](#F0005){ref-type="fig"} and [C](#F0005){ref-type="fig"} indicate the mean numbers of OHCs and IHCs per 1 mm following 24 hrs of treatment with cisplatin, DEX+cisplatin, and DEX-SILK + cisplatin. Pretreatment with DEX resulted in a statistically significant survival in the number of OHCs that were located in an area covering 20% and 80% distance from apex (*p*＜0.05; *p*＜0.001, respectively, as compared to those noted in the cisplatin group), whereas pretreatment with DEX-SILK hydrogel exhibited significant survival in the number of OHCs in an area covering 20%, 40%, and 80% distance from apex (*p*＜0.05; *p*＜0.001; *p*＜0.001, respectively, as compared to that of the cisplatin group). Moreover, pretreatment with DEX-SILK hydrogels showed enhanced protective effects against cisplatin treatment at 40% of the region from the apex as compared to DEX pretreatment (*p*＜0.01).

DEX-SILK hydrogels protect from cisplatin-induced hearing loss in a mouse model {#S0003-S2006}
-------------------------------------------------------------------------------

### Establishment of a cisplatin-induced hearing loss mouse model {#S0003-S2006-S3001}

Auditory function was assessed by ABR measurements. The hearing function of the sham group and drug-free SILK group were evaluated, and no significant differences were observed as compared to the control ([Figure S1](#SF0001)).The mice treated with multiple doses of cisplatin (4 mg/kg/day, 3 days, IP) exhibited a significant threshold elevation at 4 kHz, whereas the mean threshold shift was below 20 dB. In addition, no distinct threshold increase was noted at 8, 16, and 22 kHz ([Figure 6A](#F0006){ref-type="fig"}). Thus, multiple-dose administration of cisplatin failed to establish ototoxicity in this mouse model.Figure 6Establishment of cisplatin-induced hearing loss mouse model. (**A**) ABR thresholds of C57/BL6 treated with single dose (12 mg/kg) and multi-dose (4 mg/kg/day, 3 days) of intraperitoneal cisplatin (n=5). \*\*\**p*\<0.001 as compared with Pre-cisplatin (12 mg/kg single dose), ^\#^*p*\<0.05 as compared with Pre-cisplatin (4 mg/kg multi-dose). (**B**) Comparison of ABR thresholds shift after single dose and multi-dose of intraperitoneal cisplatin. \*\*\**p*\<0.001, \**p*\<0.05. (**C**) Loss of weight after cisplatin treatment. \*\*\**p*\<0.001 as compared with the control group.Figure S1Evaluation of surgery and drug-free SILK on hearing function. Mean ABR threshold of mice treated with saline and drug-free SILK. The values are expressed as mean ± SEM, n=6.

In contrast, a single-dose administration of cisplatin (12 mg/kg, IP) indicated a threshold elevation with an average threshold shift of 33±3.74 dB, 46±2.92 dB, 47±2.00 dB, and 47±3.39 dB at the corresponding frequencies of 4, 8, 16, and 22 kHz, respectively. In addition, the average threshold shifts for the aforementioned frequencies induced by single-dose administration were notably higher than those induced by multiple-dose administration ([Figure 6B](#F0006){ref-type="fig"}, *p*\<0.05 for 4 kHz, *p*\<0.001 for 8, 16, and 22 kHz).

The lethality rates of mice at day 5 following treatment with multiple doses and single dose of cisplatin were approximately 25%. In addition, a significant reduction in body weight (*p*\<0.01) was observed in both groups. Meanwhile, no significant weight loss was observed between the single dose and multi-dose treatment groups. Therefore, the single dose of cisplatin treatment (12 mg/kg, IP) was selected for subsequent experiments ([Figure 6C](#F0006){ref-type="fig"}, *p*\<0.001 for both single-dose and multi-dose treatment groups, *p*＞0.05 between the single-dose and multi-dose treatment groups).

### Otoprotective performance of DEX-SILK by RWM administration {#S0003-S2006-S3002}

The schematic diagram of the RWM administration with DEX-SILK is shown in [Figure 7A](#F0007){ref-type="fig"}. As mentioned above, lethality rates of mice at day 5 following treatment with single-dose cisplatin was approximately 25%. Ten mice died due to cisplatin toxicity and 22 micesurvivedin different groups: (1) cisplatin (n=6); (2) DEX (n=4); (3) drug-free SILK (n=6); (4) DEX-SILK (n=6). DEX and/or DEX-SILK hydrogel was administrated 1 hr prior to cisplatin injection. Gelfoam can absorb 45 times its weight in water or blood and is widely used in the clinic as a drug carrier placed onto RWM to prolong drug release time. In contrast, free DEX could be rapidly eliminated from perilymph. In order to prove that DEX-SILK hydrogel has a stronger sustained release ability, which has a potential clinical application, we chose DEX-gelfoam as the control group.DEX-SILK could rapidly and firmly attach to RWM. ABR was tested following cisplatin administration on day 0 and day 5. No significant threshold shift was observed for the Silk-PEG treated group at a frequency of 4, 8, 16 and 22 kHz on days 0 and 5 (data were shown in Figure S1). This result indicated that Silk-PEG hydrogel exhibited no effect on the auditory function of C57/BL6 mice, which was consistent with our previous study.[@CIT0013]Figure 7Evaluation of hearing ability in cisplatin-induced hearing loss in mouse model receiving pretreatment with DEX or DEX-SILK. (**A**) Diagrammatic round window membrane administration of DEX-SILK hydrogel. (**B**) Mean ABR threshold of mice treated with cisplatin, drug-free SILK+cisplatin, DEX+cisplatin, DEX-SILK+cisplatin. The values are expressed as mean±SD. \*\**p*\<0.01, \*\*\**p*\<0.001 as compared with CDDP. (**C**) Typical ABR waveforms for an 90-dB SPL clickstimulus in the normal hearing condition (control), cisplatin stimuli group, DEX pretreatment group, and DEX-SILK pretreatment group.

On day 0, ABR thresholds of cisplatin, DEX+cisplatin, and DEX-SILK+cisplatin showed no significant difference ([Figure 7B](#F0007){ref-type="fig"}). However, on day 5 after cisplatin injection, the mean ABR threshold tests indicated that the auditory function was partially protected by the DEX-SILK hydrogel. The mean ABR thresholds of the DEX-SILK+cisplatin group (69.17±3.76 dB at 4 kHz, 59.17±4.92 dB at 8 kHz, and 64.17±7.36 dB at 16 kHz) were significantly lower as compared to those of the cisplatin group (87.50±4.18 dB at 4 kHz, 85.83±4.92 dB at 8 kHz; and 75.83±5.85 dB at 16 kHz; *p*\<0.001, *p*\<0.001, *p*\<0.01, respectively). The mean ABR threshold of the DEX+cisplatin group exhibited no significant difference as compared to the cisplatin group.

The ABR threshold shifts of deaf mice that were pretreated with DEX-SILK were significantly lower at the frequencies of 4 kHz (13.33±8.76 dB), 8 kHz (25.00±6.32 dB), and 16 kHz (41.67±6.06 dB) as compared to those of the cisplatin group (33.33±7.53 dB at 4 kHz; 46.67±6.06 dB at 8 kHz; 50.50±9.53 dB at 16 kHz). Nevertheless, the DEX+cisplatin group indicated no significant differences in the ABR threshold shifts as compared to the cisplatin group at all detected frequencies ([Figure 7B](#F0007){ref-type="fig"} and [C](#F0007){ref-type="fig"}).

Discussion {#S0004}
==========

Inner ear has a unique anatomy of the temporal bone and blood-inner ear barriers, which limit the access of therapeutic agents to the inner ear. Nanomedicine, including advanced drug delivery systems and hydrogels, have gained immense importance due to their ability to overcome the disadvantages of the conventional drugs. This can be achieved by delivering agents to specific cells, by protecting its therapeutic contents and controlling its release.[@CIT0019]--[@CIT0021] OTO-104, a poloxamer hydrogel containing DEX, has been reported to alleviate the effects of multiple intratympanic injections. Longer half-life of a drug protects against cisplatin ototoxicity by intratympanic injection a day before cisplatin treatment.[@CIT0022] DEX/poloxamer 407 hydrogel can reduce cochlear implantation-induced hearing threshold shifts at low, middle, and high frequencies.[@CIT0023] We developed an in-situ-forming silk-PEG-mDEX hydrogel to readily attach on RWM for the delivery and sustained release of DEX without inflammatory reaction.[@CIT0013] In the present study, we aimed to optimize the preparation of silk-PEG-mDEX hydrogel in order to extend its release in vitro and in vivo, and further evaluate the therapeutic applications of this formulation in the cisplatin-induced hearing loss mouse model.

PEG is a highly hydrophilic molecule that binds to water. In silk fibroin solution, PEG can cause hydrophobic domains assembly on the silk molecules, which in turn forms crystalline β-sheets and gel networks.[@CIT0024] In the present study, PEG-8000 was used with silk fibroin to prepare lyophilized powder. The SILK-PEG hydrogel preparation was simplified from two steps into one step. With the increase in the concentration of Silk fibroin, additional homogeneous pores could be observed ([Figure 1B](#F0001){ref-type="fig"}). The presence of the microspheres may largely improve the mechanical properties of the hydrogel and play an important role in the sustained drug release.[@CIT0025] Furthermore, PEG-8000 increases the softness of the hydrogel, which is suitable for RWM attachment. Following incubation at 37 °C for 1 h, the mixture could be easily aspirated by a pipette while maintaining its formation in an artificial perilymph buffer (pH 7.4) solution. The data of the gelation time indicated that the concentration of silk played a more important role as compared to DEX. However, a significantly shorter gelation time was observed after mixing 8% DEX with 20% Silk-PEG (Table I). This difference was likely due to the effect of DEX on the silk protein structure. Moreover, the absorption peaks at 1,626 cm^−1^ (amide) were sharper in the 20% DEX-SILK sample with the addition of 8% DEX, whereas the changes of the absorption peak in other samples were not apparent ([Figure 1C](#F0001){ref-type="fig"}).

Previous studies had reported a protective effect of DEX against cisplatin-induced cytotoxicity, while such an effect was not observed in a clinical trial by transtympanic injection.This discrepancy noted between in vitro and clinical studies may be due to the lack of sufficient DEX concentration in the inner ear.[@CIT0026]--[@CIT0028] In the present study, we utilized a drug-loaded silk hydrogel as a drug storage system in order to improve the drug concentration in the inner ear. Silk-PEG with water-soluble DEX showed poor sustained release properties in vitro and in vivo. This might be associated with the poor drug loading in the hydrogel used for water-soluble DEX. In terms of the hydrogel with lipid-soluble DEX, the release of this compound was sustained for at least 168 h in vitro and 21 d in vivo, which indicated that the release property was better than that demonstrated in our previous study.[@CIT0013] Lower PEG concentration and higher amount of DEX loading in the silk hydrogel matrix may account for enhanced sustained release as compared to that noted in our previous study.[@CIT0013] Thermosensitive hydrogels that have been used for inner ear drug delivery exhibit lower sustained release than that noted for the aforementioned silk hydrogel formulation of DEX.[@CIT0029],[@CIT0030] In this study, PEG concentration was reduced from 84% to 72%, while the concentration of DEX was increased from 2.5% to 8% as compared to our previous study.[@CIT0013] In addition, other factors, such as the degradation of Silk-PEG hydrogel and the interaction between DEX and the crystalline β-sheet structure of silk, may also account for the enhanced and longer release of DEX. Zhong et al reported that aspirin, which is a hydrophilic drug, could exhibit controlled release from the composite hydrogel at a constant rate for 5 days.[@CIT0031] However, the hydrophobic molecule indomethacin could last for up to two weeks. Therefore, silk fibroin hydrogel may have optimal potential as a useful composite system with wide applications for controlled and sustained release of hydrophobic drugs. These sustained drug release properties and high concentration levels of DEX were maintained in the inner ear and could guarantee maximum efficacy of DEX.

The molecular mechanism of DEX otoprotective effect against cisplatin-induced ototoxicity is not fully understood. However, it has been reported that the predominant cause of this protection is the reduction in the production of ROS.[@CIT0018] In the present study, DEX-SILK exhibited a partial cytoprotective effect against cisplatin-induced cytotoxicity by reducing intracellular ROS production at 5, 10, 30, and 60 ng/ml. This result is consistent with our previous study that utilized a nanoparticle drug delivery system to prevent cisplatin-induced hearing loss.[@CIT0032] Therefore, partial protection against cisplatin-induced ototoxicity in cochlear organ culture and reduction of intracellular ROS production in vitro implied that this DEX-loaded silk hydrogel formulation might alleviate the ototoxicity in an animal model.

Suitable cisplatin-induced hearing loss animal models are crucial for evaluating the otoprotective effect of candidate drugs. A single large dose[@CIT0033] and/or multiple small doses of compound[@CIT0034] are the two main dosing models in previously reported cisplatin-induced ototoxicity studies. Although the multiple small doses approach is more analogous to clinical cisplatin regimens, it has low feasibility and high toxicity. In the first cycle (three cycles in total), hearing loss (mean ABR threshold shift) is usually less than 10 dB ([Figure 6](#F0006){ref-type="fig"}). In the present study, more than 80% of the mice tested did not survive after three cycles of cisplatin administration (data not shown). Therefore, we selected the single, large dose model because it was more practical and the resulting data were easier to interpret. The study demonstrated that DEX-loaded SILK-PEG hydrogels partially protected HEI-OC1 cells, cultured cochleae, and mouse model from cisplatin-induced cytotoxicity, organ of corti damage, and hearing loss. However, DEX only exhibited partial protection against cisplatin-induced organ of corti damage in 20% and 80% regions from the apex. Our findings illustrate the limitations of the intratympanic injection of DEX as a treatment application, since the solution is eliminated rapidly from the middle ear and provides limited temporal exposure to the inner ear. Hence, a sustained-exposure approach, such as Silk-PEG hydrogel, represents an optimal strategy, providing higher and prolonged drug levels in the inner ear.

Conclusion {#S0005}
==========

The DEX-SILK hydrogel was successfully developed with a sustained release profile (inner ear release for 21 days). The sustained release from the DEX-SILK hydrogel and the long-term retention of DEX in cells exhibited statistically enhanced cytoprotective effects against cisplatin exposure via the inhibition of ROS regeneration. The round window membrane administration of DEX-SILK hydrogel provided significant protection against cisplatin-induced hearing loss in mice at 4, 8, and 16 kHz in contrast to single DEX administration.
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